Structural, transport and optical properties of (La 0.6 Pr 0. 4 
Introduction
Hole doped manganite systems have been generating curiosity among scientists and engineers for more than 60 years because of their unprecedented and wide range of properties, e.g., ferromagnetism, insulator-metal transition and colossal magnetoresistive properties. The physics behind all these properties is even more challenging and has attracted attentions of theoreticians and experimentalists with almost equal authority. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Manganite materials have been used in different electronic devices such as magneto-tunable photocurrent devices, resistive switching devices, and spin hall magnetoresistive devices. [12] [13] [14] [15] [16] [17] [18] The parent compound LaMnO 3 is known to be an antiferromagnetic insulator, while divalent cation (Ca 2+ , Sr 2+ and Ba 2+ ) doping induces paramagnetism with polaron type conductivity at high temperatures, and metallic ferromagnetism below the Curie temperature T C . The origin of ferromagnetism has been attributed to the double-exchange interaction between the valence electronic states of Mn 3+ -O −2 -Mn 4+ . [19] [20] [21] The double-exchange mechanism along with the effect of lattice distortion is believed to be responsible for the occurrence of colossal magnetoresistance (CMR). 22, 23 As an outcome of the double-exchange interaction and the lattice distortion, a large spin splitting of the conduction band (majority and minority sub-bands) takes place in the ferromagnetic state. [8] [9] [10] [11] Governed by the Hund's rule, these subbands are separated by few electron-volts energy, which depends on A-site doping. The large spin splitting produces the half-metallic properties of the material because at Fermi level, charge carriers with only one spin direction (up/down) are present, whereas there is a gap in the density of states for the carriers with the other spin direction (down/up). Hole doped manganite systems in the nano-range act in a different way, i.e., ferromagnetic ordering and metal-insulator transition are well separated from each other. Transport properties basically depend on boundary conditions. In nanorange, surface to volume ratio increases; thus, the boundary effect becomes more pronounced in transport properties. Due to more boundaries, charge carriers face much more scattering, and as a result the resistivity of the system increases. However, the double exchange interaction between Mn 3+ and Mn 4+ is not affected by the boundary conditions, and therefore it is not affected much in the nano-phase. . 27 Magnetic and transport properties of manganites have been studied with great interest and enthusiasm by scientists and will be continued to be studied in the future because of the vast range of properties these systems possess which make them desirable from an application point of view. However, studies have not been done concerning their optical properties because these systems show either insulator (large band gap; typically >4 eV) behavior or metallic (no band gap) behavior, which makes them less interesting for optical studies. In this manuscript, we have doped 40% Pr in the La site of La 0.65 Ca 0. 35 MnO 3 system, which shows metallic ferromagnetic behavior below 260 K. 28 The idea behind the doping of Pr is that the Pr 0.65 Ca 0.35 MnO 3 system shows ferromagnetic chargeordered insulator behavior. We are expecting that with the doping of Pr, the semiconducting behavior will increase because of the stabilization of charge-ordering, along with the sustaining magnetic order of the system. Along with a strong magnetic moment, if we can induce a semiconducting nature, these systems can be used as a better candidate to improve magnetic semiconducting devices. To realize this phenomenon, we have used La 0.65 Ca 0.35 MnO 3 nanoparticles, which show better semiconducting nature along with ferromagnetic ordering as compared to its bulk counterpart. In addition, the doping of Pr may also increase its semiconducting behavior without disturbing the magnetic ordering. We are using particularly 40% of Pr doping in the La site because excess doping results in a completely insulating phase, while doping less than 40% decreases the band gap significantly, 10 and both the cases are not favorable for application purpose.
Experimental section We have determined average crystallite size (D) of all the three samples sintered at 600°C, 800°C and 1000°C from the Scherrer's formula:
where λ = 1.5406 Å, wavelength of X-ray used, β is full width at half maximum (FWHM) of Bragg's reflection plane and θ is half of the angle of the corresponding reflection plane. We have used the most intense peak (110) as a reference plane to calculate the crystallite size, which is observed to be about 25 nm, 27 nm and 29 nm for the samples sintered at 600°C, 800°C and 1000°C, respectively. We have also estimated the strain using the Williamson-Hall method. 29 The average strain values for different sizes of (La 0.6 Pr 0.4 ) 0.65 Ca 0.35 MnO 3 are given in Table 1 .
To study the surface morphology and microstructure of (La 0.6 Pr 0.4 ) 0.65 Ca 0.35 MnO 3 nanocrystals, low-resolution transmission electron microscopy (TEM) measurements have been performed. Due to the strong magnetic moment, particles are strongly agglomerated with each other to make irregular shapes and sizes, which makes it rather difficult to distinguish one from the other. Estimated average grain sizes of the three samples sintered at 600°C, 800°C and 1000°C is observed to be about 36 nm, 38 nm and 42 nm respectively, which is consistent with the X-ray diffraction results, which suggests increase in crystallite sizes with increasing sintering temperature ( Fig. 2(a, c and e) ). Selected area electron diffraction (SAED) images show increase in crystalline nature of (La 0.6 Pr 0.4 ) 0.65 Ca 0.35 MnO 3 system with increase in sintering temperature ( Fig. 2(b, d and f ) ). (La 0.6 Pr 0.4 ) 0.65 Ca 0.35 MnO 3 sintered at 1000°C shows much clearer and brighter Bragg's spots than the rest of the two systems sintered at 600°C and 800°C, which indicates the better crystalline nature of this system. X-ray diffraction, low-resolution TEM and SAED measurements have confirmed the single crystalline nature of our samples with almost homogeneous distribution.
Raman spectroscopy
To investigate crystal structure, lattice distortions and defects, Raman spectroscopy is considered to be the most powerful non-destructive technique. We doped 40% Pr in the La-site of La 0.65 Ca 0.35 MnO 3 to obtain magnetic semiconductor materials. To study the effect of doping on the crystal structure and lattice distortions, we obtained Raman spectra of (La 0.6 Pr 0.4 ) 0.65 Ca 0.35 MnO 3 nanoparticles sintered at 600°C, 800°C and 1000°C, which have been shown in Fig. 3 . In the orthorhombic rare-earth manganites, Raman modes become active due to deviations from the ideal cubic perovskite structure. Group theory analysis of the LaMnO 3 structure suggests 60 normal modes. Among all these 60 modes, only 24 modes are Raman active and the remaining modes are infrared (IR) active. These 24 Raman active modes can be divided into 2 symmetric modes, 4 asymmetric stretching modes, 4 bending modes, 6 rotation/tilt modes of the octahedral, and the remaining 8 modes are associated with the motion of A-site (La/Pr/Ca) cations. All these Raman modes become active because of 4 fundamental distortions from the ideal perovskite structure, namely, rotations of MnO 6 octahedra around the cubic [001] c and [110] c axes, Jahn-Teller distortion, and A-site (La/Pr/Ca) shift from its position in the ideal perovskite lattice. The Raman spectra of (La 0.6 Pr 0.4 ) 0.65 Ca 0.35 MnO 3 sintered at 600°C, 800°C and 1000°C do not show any phase changes due to change in sintering temperature (Fig. 3) (2) . In our case, due to the presence of Ca and Pr in A-site, the Jahn-Teller distortion at room temperature further suppressed, and the Raman mode related to this becomes relatively less prominent. 29 Consequently, the modes around 500 cm 
Fourier transform infrared spectroscopy
To get information about the molecular and functional species present on the surface and to further investigate lattice vibration present in our system, we used Fourier transform infrared (FTIR) spectroscopy. FTIR measurements of (La corresponds to the asymmetric stretching vibrations of CvC bond and symmetric stretching of CvO bond in citrate (which formed in the solution and may be present on the surface of nano-crystals).
Magnetic properties
To investigate the magnetic properties of (La 0.6 Pr 0.4 ) 0.65-Ca 0.35 MnO 3 nanoparticles sintered at 600°C, 800°C and 1000°C, we performed temperature dependent field cooled magnetization measurements (M-T ) from 300 K to 5 K at 100 Oe magnetic field (Fig. 5) (Fig. 6(a) ). High resolution XPS core level spectra of Ca2p, O1s, and Mn2p regions have been shown in Fig. 6(b) , (c) and (d) respectively. In the Ca2p region, peaks observed at 345.5 eV and 349 eV have been denoted as Ca2p 3/2 and Ca2p 1/2 . The spin-orbit splitting energy is 3.5 eV, which indicates that the Ca exists in +2 oxidation state. In O1s region, two peaks at 528.7 eV and 530.7 eV are attributed to the contribution of the crystal lattice oxygen and adsorbed oxygen, respectively. The adsorbed oxygen has a tendency to bind with oxygen vacancies (V o ). In the Mn2p region, the two peaks are located at 641.5 and 653 eV, which belong to Mn2p 3/2 and Mn2p 1/2 , respectively. MnO 3 system shows insulator type behavior at higher temperatures because of the development of charge-ordered states in the nano-crystalline system due to the presence of ample amount of Pr in A-sites and it is playing a dominant role in the transport behavior of the system at higher temperatures; however, at low temperatures, double exchange interaction becomes more dominant and the system starts to behave as a metal. The insulator-metal transition temperature (T IM ) and resistivity (ρ) of nanoparticles depend on the sintering temperature of the system and decrease with increase of sintering temperature. In other words, insulator-metal transition temperature depends on the particle size of the nanocrystals. As we have seen in X-ray diffraction analysis and lowresolution transmission electron microscopy analysis, particle size increases with increase in sintering temperature. Due to the increase in particle (grain) size, the effect of grain boundary reduces and consequently the charge carrier faces less scattering from grain boundaries. This factor also improves the double exchange interaction mechanism and the system starts to show metal-insulator transition at higher temperatures, and the resistivity of the system also decreases significantly. The resistivity of (La 0.6 Pr 0.4 ) 0.65 Ca 0.35 MnO 3 sintered at 600°C, 800°C and 1000°C can be well fitted by ρ = ρ 0 exp(E a / k B T ) for the nearest-neighbour hopping of small polarons (Fig. 8) , where k B is the Boltzmann's constant and E a is the activation energy. The activation energy (E a ) for the samples was calculated using the small polaron theory, and values are given in Table 2 . With increase in sintering temperature, the resistivity decreases and E a increases. The linear fit shows that thermally activated band conduction is the dominant mechanism in the high-temperature region. The deviation from the linear fit indicates that the thermal activation mechanism is not valid in the low-temperature region. The variable-rangehopping (VRH) conduction of polarons has been found to dominate in this temperature region. The conduction mechanism due to the variable range hopping of polaron at low temperature can be described by the Mott's equation [38] [39] [40] and that E h > k B T. Both of these conditions are satisfied in all the studied samples (see Table 2 ). It is not possible that the variation of particle sizes can change the N(E F ), which in effect can account for the large decrease of T 0 . However, the decrease of T 0 may indicate the increase of localization length α −1 which leads to electronic delocalization.
Ultraviolet-visible spectroscopy
To investigate the optical absorbance and evaluate the optical band gap of (La 0. (Fig. 9) . UV-Vis spectra of all the three samples can be divided into three parts: (i) a sharp absorption edge around 308 nm (ultraviolet region), (ii) an exponential decay region near the absorption edge (ultraviolet to visible region) and (iii) a long smooth extended region (visible to infra-red region). The optical absorption edge has been analyzed as follows:
where n is equal to sintered at 600°C, 800°C and 1000°C determined from these plots are 3.52 eV, 3.46 eV and 3.42 eV, respectively. The decrease in band gap (red-shift) with increasing sintering temperature can be attributed to increased particle sizes, which have been related to the increased metallic behavior in ) vs. T −1/4 in lower temperature region (for T < 164 K, 147 K and 140 K, respectively, and above the metal-semiconductor transition temperature). The linear fit indicates variable range hopping conduction is active in this temperature range. resistivity analysis. The observed band gaps of these systems appear in the range of wide band gap semiconductors and these values are even more than the band gap of ZnO (3.37 eV) and GaN (3.44 eV). [43] [44] [45] In addition, these systems show much better magnetic ordering and magnetic moment 46 than any known diluted magnetic semiconductors, which might prove significant in applications as magnetic semiconductors. The absorption coefficient near the band edge decays exponentially with photon energy (Fig. 9 ) and this dependence can be written as follows:
where 'α 0 ' is a constant and E u is Urbach energy, defined as the width of the localized states (related to the amorphous state) present in the forbidden gap. This exponential dependence on photon energy may arise due to the random fluctuations associated with the small structural disorder present within the system.
Conclusion
X-ray diffraction, low-resolution TEM, SAED and X-ray photoemission spectroscopy (XPS) measurements have been done to confirm the phase formation, crystal quality and chemical constituents of our (La 0.6 Pr 0.4 ) 0.65 Ca 0.35 MnO 3 systems. Crystallite size and grain size calculated from XRD and TEM, respectively, confirm the nano-crystalline structure of our systems. SAED images show that the system becomes more crystalline with increasing sintering temperature. The Raman spectra of (La 0.6 Pr 0.4 ) 0.65 Ca 0.35 MnO 3 show typical vibration modes of perovskite structures. Raman study confirms the stretching (B 2g (1)), bending (B 2g (2) ) and tilting (A g (2) ) modes of oxygen in MnO 6 octahedra, which play a significant role in structural distortion along with Jahn-Teller distortion (A g (1) ) mode, but due to the presence of Pr and Ca in A-site, Jahn-Teller distortion decreases, which is evident from the reduction of A g (1) mode. FTIR measurements further confirm the presence of characteristic Mn-O stretching vibration mode near 600 cm −1 , which is responsible for the structural distortion, magnetic and transport properties of this system. Magnetization measurement shows that the ferromagnetic ordering occurs around 200 K and the system shows a saturation magnetization of 3.43µ B / Mn, which is very close to the calculated value of the bulk sample. XPS measurement confirms that Mn exists in dual oxidation state (Mn 3+ and Mn 4+ ), which contributes to double exchange interaction and ferromagnetic ordering. Valence band spectra show two intense peaks around 2.7 eV and 6.2 eV, which is due to strong Mn3d(t 2g )-O2p hybridization.
Resistivity measurement shows that due to the doping of Pr in A-sites, the system started to behave like a charge ordered insulator and insulator-metal transition decreased up to 98 K. With the increase of particle size (by increasing sintering temperature), this insulator-metal transition temperature improves to the higher temperature side. Band gap estimated from UV-Vis measurement appears in the wide band gap semiconductor range (∼3.5 eV), which is higher than ZnO (3.37 eV) and GaN (3.44 eV) systems. We believe that with wide band gap and strong magnetic properties, the (La 0.6 Pr 0.4 ) 0.65 Ca 0.35 MnO 3 system will certainly prove to be a potential candidate for magnetic semiconductor device application.
